■ INTRODUCTION
The solid oxide fuel cell (SOFC) is a device that generates electricity from the chemical energy of oxidizable fuels without combustion, leading to much lower and nonpolluting gaseous emissions than conventional hydrocarbon-based power production. 1 Compared to other types of high temperature fuel cells, such as the molten carbonate fuel cell (MCFC), the elimination of a liquid phase in the SOFC leads to higher efficiency, greater chemical and physical stability, and provides flexibility in the choice of fuel. 2 Typically, this technology operates at elevated temperatures, which promotes seal failures, necessitates long start-up times, and requires expensive interconnect materials. 3 Ionic conduction in the baseline solid electrolyte, yttria-stabilized zirconia (YSZ), is by vacancy transport and significant above 1000°C. 4 Therefore, the need exists to discover alternative solid electrolytes that function from 500 to 700°C. To this end, lanthanoid (Ln) silicate/germanate (Ln 9.33 (Si/Ge) 6 O 26 ) apatite tunnel structures, through which oxygen can readily migrate, are being examined as intermediate temperature electrolytes. 5 The structural formula of Ln 9.33 Si 6 O 26 with P6 3 /m symmetry can be expressed as [Ln In terms of descriptive crystallography, rigid SiO 4 tetrahedra are corner-connected to Ln F O 6 metaprisms that form a framework surrounding the Ln T atoms, which in turn enclose the tunnel oxygens ( Figure 1) . 7 To satisfy charge balance, this compound is cation-deficient with the Ln vacancies located at the framework site. 8 It has been suggested that these cation vacancies create space for interstitial oxygen, 9 enabling alternative O 2-transport paths with lower activation energies. 10 Thus, electrolyte performance is controlled by the cation vacancy and O 2- interstitial concentration. For example, in La 9.33+x/3 □ 0.67-x/3 Al x Si 6-x O 26 (0 ≤ x ≤ 2) apatite, the chemical tailoring of Al content (□ La + 3Si 4+ → La 3+ + 3Al 3+ most simply) balances steric enhancement due to larger Al expanding the conducting channel against vacancy removal that blocks conduction. Consequently, the highest O 2-transport is achieved at the compromise composition x = 1.5, while fully stoichiometric La 10 Al 2 Si 4 O 26 (x = 2) has the lowest conductivity as interstitial transport is denied by the elimination of cation vacancies. 11 As a further example, the oxygen-excess series La 9.33+2x/3 Si 6 O 26+x (0 ≤ x ≤ 0.5) has higher conductivity due to extra-stoichiometric interstitial O 2-, with maximum mobility achieved for La 9.67 Si 6 O 26.5 (x = 0.5), as La 2 SiO 5 appears as a secondary phase for x > 0.5 which detracts from overall performance. 12 However, most studies use polycrystalline samples, due to the rarity of large single crystals, and the analysis of intrinsic mobility requires deconvolution from the grain boundary component. Moreover, despite frequent references to "La 10 Si 6 O 27 ", 13 the existence of this compound is dubious as steric restrictions lead to significant M-O (M = La, Si) overbonding. This is in contrast to La 10 Ge 6 O 27 , where lattice expansion (IR Ge > IR Si ) allows complete filling of interstitial positions. 14 For P6 3 /m lanthanoid silicate apatites, both first principles simulation [15] [16] [17] and neutron diffraction 18 found O 2- interstitial migration follows a sinusoidal transport route along the c-axis, 9 passing through saddle points near the SiO 4 tetrahedra at the channel periphery to create pseudo-SiO 5 units, or involves in the co-operative displacement with tunnel oxygen. 16, 17 Simultaneously, conduction of O 2-across the ab basal plane is enabled by the presence of interstitials near to, or within, the Ln vacant sites in both silicate 17 and germanate 14 apatites; but such mobility is less significant due to the higher activation energy required. 19, 20 Modeling and 17 O NMR work have also suggested the importance of exchange processes involving the Si/GeO 4 in this respect. 21 In our recent study, large single crystals of Al-doped neodymium silicate apatite, Nd (28+x)/3 Al x Si 6-x O 26 (0 ≤ x ≤ 1.5) were successfully grown. 22 The high quality of the material was confirmed by powder X-ray diffraction, electron backscatter diffraction and energy dispersive X-ray spectroscopy, with structural features matched to O 2- mobility assessed by AC impedance spectroscopy. 23 The undoped Nd 9.33 Si 6 O 26 was well described in P6 3 /m, 24 but the Al-doped crystals showed poorer goodness-of-fit (GOF) due to Nd and O(3) site disorder. Undoped Nd 9.33 Si 6 O 26 displayed strong anisotropic ionic conductivity, and while the temperature dependent conductivity plot is linear across the ab basal plane, a clear inflection appears in the c axis conductivity at ~500°C. This feature disappeared upon annealing at 950°C for 3 months and the overall conductivity was lowered. Al-doping increased the conductivity across the ab plane, but mobility was degraded in the c axis direction, to yield an overall improvement for polycrystalline samples.
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In this work, neutron diffraction was performed to validate and extend the X-ray study of Nd (28+x)/3 Al x Si 6-x O 26 single crystals with a particular emphasis on recognizing split oxygen positions arose from cation vacancies and discovering low concentrations of interstitial oxygen. With the aim of throwing light into the interplay between cation vacancies, oxygen interstitial or split sites and other structural aspects such as long-range symmetry of these apatites, we have measured the Raman spectra of Nd 9.33 Si 6 O 26 single crystals (both as-grown and annealed) and compared to those of Nd 8 Sr 2 Si 6 O 26 , 26 which serves as reference material due to absence of vacancies and oxygen split sites, and negligible or very low O int content. The availability of single crystals allows the correct interpretation of the spectra, as it puts into evidence modes with close or even identical frequencies but with different symmetries that would be indistinguishable in polycrystalline specimens. Ion mobility was inspected over a range of temperatures for the undoped crystal, and the effect of crystallochemical incorporation of aluminum on interstitial abundance and location was correlated with conductivity measurements. From these findings, the conduction paths both along the c axis and across the ab plane were deduced and compared with published simulation mechanisms.
■ EXPERIMENTAL METHODS
Single crystals of Nd (28+x)/3 Al x Si 6-x O 26 (0 ≤ x ≤ 1.5) were grown by the floating zone method as described elsewhere. 22 Preliminary structures were extracted from X-ray diffraction and ionic conductivities measured along the c axis and across the ab plane. 23 Raman measurements were carried out and analyzed in a similar manner as the previous study on Nd 8 Sr 2 Si 6 O 26 single crystals, which was described in details elsewhere. 26 Single crystal neutron diffraction was carried out with both the white beam radiation Laue method and a fixed wavelength four-circle method.
Laue method. Single crystal neutron diffraction data were collected on the KOALA Laue diffractometer at the Open Pool Australian Lightwater (OPAL) reactor operated by the Australian Nuclear Science and Technology Organisation (ANSTO). The Laue method uses polychromatic thermal-neutrons coupled with a large solid-angle (8 steradians) cylindrical image-plate detector. The asgrown apatite crystals of approximate dimensions 1.5 × 1.5 × 1.5 mm were mounted on an aluminum pin with silicone grease. The diffraction patterns were indexed using LAUEGEN 27,28 and the reflections integrated using a 2D version of the σ(I)/I algorithm described by Wilkinson et al. 29 and Prince et al. 30 . No absorption correction was necessary. The reflections were normalized to the same incident wavelength using a curve derived by comparing equivalent reflections and multiple observations via the program LAUENORM. 31 Only reflections with wavelengths between 1.0 Å and 2.9 Å were accepted as those outside this range were too weak, or had too few equivalents, to allow determination of the normalization curve confidently. Structures were determined using Jana 2006 32 with the starting model derived from single crystal X-ray diffraction.
23 VESTA 33 was used for 3D visualization of the difference Fourier maps that allow identification of structural disorder and interstitial oxygen. Data were collected at 4, 100, 300, 573 and 773K for the undoped Nd 9.33 Si 6 O 26 crystal. For the x = 0.5, 1.0 and 1.5 Al-doped Nd (28+x)/3 Al x Si 6-x O 26 data were accumulated at 100K.
Fixed wavelength four-circle method. To validate outcomes from the Laue experiments, single crystal neu-tron diffraction data were also collected from as-grown Nd 9.33 Si 6 O 26 crystals at 2K and room temperature, and for an annealed Nd 9.33 Si 6 O 26 crystal (950°C/3 months) at room temperature on the HEiDi diffractometer at FRM-II (Heißes Einkristalldiffraktometer, hot source, Garching, Germany). A wavelength of 1.17Å combined with a high flux density of 1.2×10 7 neutrons per second per cm 2 was obtained using an Er filter and a Ge (311) monochromator. Low temperatures were realised by a He closed-cycle cryostat mounted in the Eulerian cradle of the diffractometer. The crystal was wrapped in Al foil to minimize thermal loses and the temperature measured and controlled by a diode sensor near the heater to a stability of ± 0.1K. The absolute temperatures were measured by an additional temperature sensor at the sample. The corrected integrated intensities of the reflections were calculated using PRON2K, 34 and numerical absorption correction was performed with TBAR. 35 Further instrument details can be found in Meven et al. [36] [37] [38] Data collected have (sin/λ) max > 0.72 and the total number of reflections > 3000, and corrections for the extinction effect 39 were made in the refinements.
■ RESULTS
In previous work of single crystal X-ray diffraction, O(3)' split sites were identified only in undoped as-grown Nd 9.33 Si 6 O 26 single crystals. 23 Such features, however, were found in both Al-doped Nd (28+x)/3 Al x Si 6-x O 26 (x = 0.5, 1.0 and 1.5) and annealed Nd 9.33 Si 6 O 26 single crystals in this neutron study. This is mainly due to the fact that a much larger volume was inspected during the neutron diffraction experiment, and neutrons are more sensitive to oxygen positions, while the single crystal X-ray diffraction data were dominated by the contribution from the heavier Nd element. While the space group for Nd 9.33 Si 6 O 26 apatite is reportedly P6 3 /m, based on single crystal X-ray diffraction data, 24 a careful neutron diffraction study on La 9.33 Si 6 O 26 suggested the true symmetry of this La analogue to be P6 3 .
40 Therefore, both P6 3 /m and P6 3 models were tested for the fixed wavelength diffraction data collected at 2K. In P6 3 , removal of the mirror plane perpendicular to c axis allows the framework 4f Nd(1) site to split into two 2b sites, Nd(1) and Nd (2) , and the 12i O(3) to split into two 6c sites, O(3) and O(4) ( Table 1) . Introducing this extra degree of freedom at the former sites enables better fitting of the cation vacancies by ensuring no Nd vacancies can occur next to each other, and a slightly improved GOF compared to P6 3 /m (Table 2) , which, however, did not fundamentally improve the quality of the structure determination. In addition, the error bars of site positions in P6 3 /m, especially those of z-coordinates, are significantly smaller than those in P6 3 .
To confirm the space group of Nd 9.33 Si 6 O 26 as well as the oxygen site splitting, Raman spectroscopy was carried out on the single crystal samples. The expected Raman activities for P6 3 and P6 3 /m space group are shown in Tables S1 and S2 (Supplementary Information), respectively. The higher activity in P6 3 comes from the loss of inversion symmetry in this space group. It should be noted that the total number of expected modes in these tables includes internal, librational and lattice translational modes, and in compounds with tetrahedral moieties such as [SiO 4 ] 4-, the main bands are usually attributed to internal vibrations of the tetrahedra. Therefore, comparison between the number and symmetry of internal modes (in both space groups) with experimental results is probably more instructive than the total number of expected modes. The internal modes of tetrahedral anions are usually denoted using the same notation as those in isolated, perfect tetrahedra:  1 (symmetric stretching),  2 (symmetric bending),  3 (asymmetric stretching) and  4 (asymmetric bending). For free [ 22 a transverse section coincides with the ab basal plane and the c direction is contained in a longitudinal section along the direction of crystal growth. Thus, u and v denote two arbitrary but perpendicular directions within the ab basal plane, and u is perpendicular to the c axis in the longitudinal section (Fig. 2 ). Spectra were measured in backscattering configuration in these two planes, both in parallel and crossed polarizations, i. e. with the scattered electric field either parallel or perpendicular to the incident one. Fig. 3 shows Raman spectra recorded in the as-grown Nd 9.33 Si 6 O 26 single crystals in three experimental configurations: zz and uz in a longitudinal section and uv in a transverse section, where the usual notation αβ is used for incident and scattered electric field polarization along α and β, respectively. These three spectra allow full identification of mode symmetries, giving A g (zz), E 1g (uz) and E 2g (uv) modes in P6 3 /m space group. It should be noted that the selection rules for A, E 1 and E 2 modes in the case of P6 3 space group are the same as for A g , E 1g and E 2g in P6 3 /m. Spectra have been decomposed as a sum of bands with pseudo-Voigt profile with the aid of LabSpec software, with position, width, integrated area and Gaussian/Lorentzian mixing factor of each band used as fitting parameters. Experimental frequencies obtained for the as-grown sample are listed in Table 3 . In total, 22 A g , 21 E 1g and 23 E 2g are identified, which is significantly less than the total number of modes of 90 (30 A + 30 E 1 +30 E 2 ) in P6 3 (with split O(1), O (3) and O(4) sites as determined by neutron diffraction). On the other hand, the total number of modes in P6 3 /m space group (with split O(1) and O(3) sites as determined by neutron diffraction) is 51 (18 A g + 14 E 1g + 19 E 2g ), which is closer to the experimental results and the discrepancy may be attributed to the contribution of oxygen interstitials and local symmetry lowering of perturbed SiO 4 units that are to be discussed in the subsequent section. It should also be noted that O(2) has very anisotropic atomic displacement with a much larger magnitude along c axis direction (Table 2) , and therefore this disorder could also be modeled by a O(2)' split site, which has 12i symmetry and thus contributes additional 9 (3 A g + 3 E 1g + 3 E 2g ) modes, making the total number of modes to be 60 (21 A g + 17 E 1g + 22 E 2g ), which is even closer to the exper-imental results. However, such site split is less noticeable than O(1)' and O(3)' as it splits along the shorter c axis, and it can also be effectively modeled using anisotropic displacement parameters. (In fact, in order to minimize the number of parameters to improve the data refinement stability, we choose to split only O(3) site in However, the signals from interstitial positions are weaker than the O(3)' split sites, and their occupancies could not be successfully refined. Nonetheless, their existence is unequivocal from Fourier mapping (Fig. 4 ) that permits positional specification and provides an estimate of concentration (Table 6 ). There was little temperature dependence on the abundance of oxygen interstitials from 4K to room temperature, but from 300K to 773K the number of detected sites varied from 4 to 9, with the highest number found for 773K (Fig. 5) . The interstitial positions also vary with temperature, and while the interstitial oxygen resident in the tunnel is very close (0.001-0.003Å) to the c axis from 4 -300K, it becomes displaced from the channel center at elevated temperatures (0.69Å at 573K and 0.54Å at 773K). In addition, new interstitial sites appear in the tunnel at 573K and between the SiO 4 tetrahedra at 773K.
It should be noted that these oxygen interstitials could also contribute additional Raman modes. Table S5 in Supplementary Information summarizes Raman activity that oxygen interstitials may contribute, based on their positions and symmetries. The interplay between cation vacancies, oxygen sublattice distortion and Raman spectra can be better elucidated by careful study of [SiO 4 ] internal modes, which are expected to be very sensitive to split oxygen sites and Si-O distances. The region of stretching modes (> 800 cm-1) is especially informative due to absence of overlapping with other lattice modes. Fig. 6 shows the decomposition of zz (A g ), uz (E 1g ) and uv (E 2g ) spectra for the as-grown Nd 9.33 Si 6 O 26 in this region, from which 6 A g , 6 E 1g and 6 E 2g bands are identified, which are clearly more than expected from  1 and  3 bands altogether (Table S4 ). This discrepancy is due to the fact that in Table S4 , only one single type of SiO 4 tetrahedra is assumed in which all Si environments are identical and each SiO 4 group consists of only four oxide ions. In reality, the split of oxygen sites leads to (at least) two types of SiO 4 tetrahedra, either perturbed or unperturbed by the presence of adjacent Nd vacancies. The multiplication of internal modes due to the existence of different types of SiO 4 tetrahedra is clearly manifested in the high frequency zz spectrum (Fig. 6(a) ), whose  1 band consists of two main components at ~852 and ~861 cm -1 and a third, weaker one at ~880 cm -1 . The appearance of two A g breathing modes is not compatible with the expectations for a single type of tetrahedra (Table S4 ) and requires the assumption of multiple environments for Si. In fact, symmetry lowering to P6 3 would neither explain this result, as it also predicts only one A mode in the  1 region (Table S3 ). In the assumption that the two main components of  1 are due to two types of tetrahedra, namely those perturbed or unperturbed by adjacent vacancies, we may relate the intensities of those bands to the proportion of the two types of tetrahedra and compare with predictions in accordance with the vacancy concentration. It should be noted that the intensities depend largely on the conditions imposed to the fitting parameters, with representative values being I(854)/Sum = 0.3±0.07. Here, the low frequency components are assigned to the unperturbed tetrahedra and high frequency ones to the perturbed tetrahedra, in agreement with the proposal made by Guillot et al., 42 who stated that a vacancy at the Nd(1) site would push the neighboring oxygen atoms away, thus shortening the Si-O bonds and resulting in frequency increase for the breathing mode. Our attribution is also in agreement with the observations made by Wu et al. in RE 9.33 (SiO 4 ) 6 O 2 apatites where the splitting of the  1 mode was seen to increase with decreasing ionic radius of the rare earth cation. 46 Within this hypothesis the ratio between the Raman intensities fits rather well with the populations of unperturbed and perturbed tetrahedra as derived from the concentration of Nd(1) vacancies and the number of neighboring tetrahedra (six), which yield a theoretical ratio of about 1/3 to 2/3 between them.
However, while the assumption of two types of SiO 4 tetrahedra explains the results for A g and E 2g symmetries, a clear discrepancy remains in the number of E 1g modes. In particular, no E 1g mode is expected in the  1 region and only two in the  3 region, which is far from the six experimentally observed in uz geometry. This discrepancy could be attributed to a local symmetry lowering of the perturbed SiO4 units from C s to C 1 when split oxygen sites are considered in the Si environment with O(1)' and O(2)' out of the mirror plane. As shown in Table S6 , symmetry lowering to C 1 for SiO4 yields a splitting of  1 as A g + E 1g + E 2g , which explains the detection of an E 1g mode in the  1 region, as well as extra E 1g modes in the  3 region.
Still, things are less clear for  2 and  4 bands, due to the fact that other modes (mainly channel and interstitial oxygen vibration) may overlap with them. In total, 3 A g , 4 E 1g and 5 E 2g are identified in the  2 region around 400 cm -1 and 4 A g , 4 E 1g and 4 E 2g in the  4 region around 530 cm -1 , which could also be attributed to oxygen site split and local symmetry lowering.
The lattice and atomic parameters of Al-doped Nd (28+x)/3 Al x Si 6-x O 26 (x = 0.5, 1.0 and 1.5) are listed in Tables  7 and 8 , both a and c increase as the crystals become more aluminous. For the dilated unit cell, steric hindrance towards oxygen migration is reduced. The O(3) order was also improved, reflected in less occupancy at the O(3)' split site as x increases. Fig. 7 shows the distribution of the interstitial sites at 100K for Nd (28+x)/3 Al x Si 6-x O 26 (x = 0.5, 1.0 and 1.5), with their locations and concentrations listed in ). At x = 1.5, the tunnel is devoid of interstitials, which are then located in the framework.
To better correlate crystal chemistry with functionality, samples with poorer conductivity were also examined. Table 13 . While the spectra look similar to those of as-grown samples, there are small but significant differences in the high frequency region, specifically in the relative proportion of the bands composing the breathing  1 mode with A g symmetry. Profile fitting (Fig. 10) yields clearly three components at frequencies close to those of the as-grown crystal but with smaller linewidths and different relative intensities. The third component, in particular, is considerably enhanced at the expense of the second one. The ratio between the area of the first component and the integrated area of the whole  1 band is, however, quite similar to that found for the asgrown sample with a slight decrease. It should be noted that while fitting spectra with overlapping bands is subject to large errors, such an increase in the third band is beyond fitting errors and thus associated with structural features instead. Since the major difference between these two samples is the shift of the oxygen interstitials in the annealed sample from the channel axis towards a peripheral 6h site close to SiO 4 tetrahedra, it is suggested that the third band arises from tetrahedra perturbed by peripheral O int . These ions are not close enough to Si so as to yield a SiO 5 entity, but may have an effect on oxygen bonding by pushing O3 ions to split O(3) (Table 10) .
It should also be noted that the discrepancy in the number of E 1g modes at high frequency remains in the annealed crystal, which supports our interpretation that it has an intrinsic origin, such as the local symmetry lowering of the SiO 4 unit due to split oxygen sites around cation vacancies. At lower frequencies, differences are suggested to be due to the disappearance of O int in the channel axis and its shift to a new site in the periphery. Specifically, as Table 13 shows, one band of each symmetry type should disappear, but no clear evidence is found of any modes disappearing in the annealed crystal that might be attributed to the O int at the 4e site. This may be due to several causes: (1) it is possible that those O int , though at the 4e site on average, are in fact highly disordered along the c axis, which may broaden the bands and make them indistinguishable from the background; (2) these O int are so close to the origin at room temperature that they can be better described as occupying the 2b site (000), which has inversion symmetry and is thus not Raman active (Table S5 ). On the other hand, new bands should be observed in the annealed sample arising from the interstitial oxide ions at the channel periphery. The enhancement of bands at ~290 and ~330 cm -1 in zz and at ~260 and ~350 cm -1 in uz could be assigned to these interstitial oxygen atoms, though their symmetries do not fully agree with expectations from an extra 6h site.
■ DISCUSSION
Computational approaches suggest two conduction pathways for interstitial oxygen: (i) directly along the c axis tunnel center, with O 2-progressing through adjacent interstitial sites including the residence at the O(4) position; 9, 16 or (ii) across the ab basal plane, where mobility is facilitated by the presence of Nd F framework interstitials, 14, 17 or realized through tilting of SiO 4 tetrahedra. 15 Here, the first direct observation of interstitial O 2-is consistent with transportation pathways involving O(4) and two O(3) (Fig. 11) . The interstitials enable horizontal (ab plane) conduction from O(3) to the tunnel O(4) locations together with vertical routes (c axis) between the two O(3) of the SiO 4 tetrahedron. In combination, these mechanisms show that oxygen migration is best considered as a whole-of-crystal percolation. The interstitial positions confirm two alternate migration paths along the tunnel, and facilitate conduction between the SiO 4 tetrahedra through the tunnel walls in a manner similar to La 9.69 Si 5.70 Mg 0.30 O 26. 24 . 49 The Laue diffraction data of undoped Nd 9.33 Si 6 O 26 collected at 4K reveal the void space within the lattice (Fig. 12) , through which migration of oxygen takes places along [001] .
If undoped Nd 9.33 Si 6 O 26 is heated towards the SOFC operating temperature (500-700°C), the putative 4e interstitials shift to locations near the c axis with 12i symmetry (Fig. 5) , and ionic conductivity is steadily enhanced as interstitial concentration increases. At 573K, more inter-stitial sites become available within the tunnel and a dual-conduction path is created at 773K. This boosts conductivity and correlates with the inflection evident in the [001] log(σT) against 1/T plots. 50 This feature is, however, absent after annealing as the c-axis interstitials move away from the tunnel, the split conduction routes cannot form, and conductivity is lowered.
For Al-doped Nd (28+x)/3 Al x Si 6-x O 26 , the tunnel interstitials also move further into the framework as x increases (Fig.  7) . With the dual-conduction path removed, the ionic conductivity along c axis decreases as the crystal becomes more aluminous. However, as the interstitials enter the framework, the oxygen mobility across the ab basal plane is enhanced. Also, without increased tunnel interstitials at elevated temperature, no inflection has been observed in the conductivity plots of these Al-doped crystals.
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■ CONCLUSION Neutron diffraction with Laue and fixed wavelength fourcircle methods was performed on single crystals of Nd (28+x)/3 Al x Si 6-x O 26 (x = 0, 0.5, 1.0 and 1.5) and provided comparable structure solutions. All Laue diffraction data fitted P6 3 /m. Compared with single crystal X-ray diffraction of Al-doped apatites, 23 Laue diffraction yielded an improved GOF when the O(3) site is split and better definition of the large cation displacement parameters. While treatment of Laue diffraction data of undoped Nd 9.33 Si 6 O 26 collected at 2K shows a slightly better GOF with P6 3 , primarily due to better fitting of Nd F vacancy distribution, the evidence is not sufficiently compelling to discard the P6 3 /m model (at least for the materials used). A separate study with Raman spectroscopy also confirmed the asgrown Nd 9.33 Si 6 O 26 crystal to have P6 3 /m symmetry. Raman work also confirmed the split of oxygen sites, though O(1)' and O(2)' can also be modeled by large anisotropic atomic displacements.
The direct observation of oxygen interstitials shows for the first time the different modalities connecting the tunnel O(4) to the framework SiO 4 tetrahedra via O(3) atoms, that facilitates ionic conduction in two principal directions.
(i)
For O 2-migration along [001], this conduction path can serve as an alternate route, in addition to those deduced from computational studies. 9, 16, 17 For undoped Nd 9.33 Si 6 O 26 , it was also found that additional tunnel interstitials become available at 573-773K, which enhances the O 2-transport and results in the distinctive inflection in the conductivity plot against temperature. This structural change takes place at intermediate temperatures, and should prove beneficial when oxyapatites are deployed in SOFC.
(ii)
For O 2-transport perpendicular to [001], intertunnel conduction provides an auxiliary diffusion pathway within the framework structure realized by lattice cavities revealed by this work, interstitials, 17 and probably exchange processes involving the formation of transitory Si 2 O 9 dimers. 15 Such exchange processes are supported by the observation from 17 O NMR studies of the ready exchange of the oxide ions of the Si/GeO 4 groups.
21,51
The tunnel interstitials shift towards the framework when the crystal is doped with Al or subjected to longterm annealing. With the dual-conduction path disabled, O 2-migration along the c axis is very well described by previously published mechanisms derived from simulation and mobility is thus attenuated. This change is reflected in the removal of the inflection in the conductivity plot. However, for the Al-doped series Nd (28+x)/3 Al x Si 6-x O 26 , the ionic conductivity across the ab basal plane increases as these interstitials move into the framework. This is consistent with earlier magic angle spinning nuclear magnetic resonance (MAS NMR) studies, 44, 52 that showed that stoichiometric La 8 Sr 2 Si 6 O 26 displayed a single resonance corresponding to the SiO 4 group, while in La 9 SrSi 6 O 26.5 containing excess oxygen, an additional resonance associated with interstitial oxygen adjacent to SiO 4 (i.e. SiO 5 ) was observed. This experimental determination of interstitial distribution and the discovery of the dual-conduction path at intermediate temperatures provide a systematic understanding of oxide migration in oxyapatites, and these insights can guide future performance optimization.
■ ASSOCIATED CONTENT
Single crystal neutron diffraction data in Crystallographic Information File (CIF) format. This material is available free of charge via the Internet at http://pubs.acs.org.
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from fixed wavelength diffraction data collected at 2K using the P6 3 model, which enables the specification of the framework cation vacancy distribution to be solely at 2b Nd(1) site. This leads to a slightly improved fit (GOF: 1.97, R: 3.07% and Rw: 2.97%) as compared to P6 3 /m model.shifts (cm -1 ) of as-grown Nd 9.33 Si 6 O 26 single crystal derived from profile fitting of zz, uz and uv spectra, yielding A g , E 1g and E 2g modes, respectively
